biol.duke.edu) or K.X. (khxiao@receptor-biol.duke.edu) mM NaCl, 10 μg/ml benzamidine, 10 μg/ml leupeptin, 10 μg/ml pepstatin A, 0.2 mM phenylmethylsulfonyl fluoride, and 10 μg/ml soybean trypsin inhibitor, dounce homogenized (20 strokes) and then stirred for 1 h at 4 °C. The solubilized receptor was purified by a three-step affinity chromatography, using alprenolol (Sigma, St Louis, MO),
Ni-NTA (Invitrogen, Carlsbad, CA), and M1 anti-FLAG columns as described 1, 3 . Purified receptor was dialyzed with Slide-A-Lyzer dialysis cassette (Pierce, Rockford, IL) twice against 2 L volume of 50 mM potassium phosphate buffer (pH 7.5), containing 50 mM NaCl and 0.02% (m/v) DDM at 4°C. The amount and purity of the protein were analyzed by using Bio-Rad protein assay reagent and Coomassie Blue-staining after SDS-PAGE.
Small aliquots of purified receptor were then deglycosylated with PNGase F (NEB, Ipswich, MA), flash-frozen in liquid nitrogen, and stored at -80 °C. Approximately 15 nmol of pure protein generally could be obtained from a 1 L culture. The specific activity for the purified receptor was ∼10 nmol/ml protein as determined by radio-ligand binding assay.
Differential labeling reactions for identification of cysteine and lysine-containing peptides
Differential labeling reactions of cysteines and lysines of the β 2 AR were done under identical conditions. Purified β 2 AR (2.5 µM) in 50 mM potassium phosphate buffer (pH 7.5), containing 50 mM NaCl and 0.02% (m/v) DDM, was incubated with carrier solvent or indicated ligand (50 µM) for 30 min at 25 °C in a 110 µl total reaction volume.
The kinetics of reaction of N-ethylmaleimide (NEM) with β 2 AR cysteine residues were measured by mixing a reference reaction mixture made with N-ethylmaleimide-H 5 (NEM-H 5 ) with time point samples taken from a reaction made with N-ethylmaleimide-D 5 (NEM-D 5 ). The reference reaction mixture (110 µl) was made by adding NEM-H 5 to a final concentration of 2 mM in the β 2 AR solution described in the previous paragraph ( Supplementary Fig. 4a ). This reference reaction was incubated for 60 min at 25 °C.
10 μl aliquots were prepared from this mixture and added to a series of pre-chilled 0.6ml tubes containing 1 µl of dithiothreitol (DTT, 20 mM final concentration from 50× stock in NH 4 HCO 3 ) to quench the reaction and were then flash frozen in liquid nitrogen.
Similarly, to the second sample tube containing β 2 AR-ligand complex, NEM-D 5 was added at a concentration of 2 mM, but at specified time points 10-μl aliquots were withdrawn from the reaction mixture and quenched as described for the reference reaction ( Supplementary Fig. 4b ). Equal aliquots from both the NEM-H 5 reference reaction and the NEM-D 5 time point samples were mixed to produce a sample with various ratios of protiated and deuterated NEM-derivatized cysteines ( Supplementary   Fig. 4a,b) . For experiments involving differential labeling of lysines of β 2 AR on ligand intensity ratio at 60 minutes ( Supplementary Fig. 4a 
where %F(t) is the percent of site labeled, %R(t) is the ratio of the heavy:light signal intensity for time point t sample, prepared as described above and R r is the heavy:light reactivity ratio from the reactivity experiment described above.
Linearity of intensity ratio measurements
Accuracy of peptide ratio measurements were tested by comparing between measured peptide intensity ratios and expected peptide intensity ratios for labeled β 2 AR by MALDI-TOF-MS. Briefly, two separate stable isotope-labeling reaction pools of β 2 AR (2.5 μM)
were prepared, one with NEM-H 5 (2 mM) and the other with NEM-D 5 (2 mM) each incubated for 1 hr at room temperature, and quenched as described above. Eight serial two-fold concentration dilutions or mole factions (1:1 to 1:128) of the deuterated NEMlabeled β 2 AR were prepared in volumes of 10 µl and titrated against a fixed quantity of the protiated NEM-labeled β 2 AR (2.5 µM; 10 µl). Protiated and deuterated NEM labeledβ 2 AR samples, mixed at different ratios, were then subjected to proteolytic digestion and MS analysis. The same stable-isotope labeling experiment of the receptor was also performed in an inverse experimental paradigm.
In-solution digestion of β 2 AR complexes
Proteolytic digestion of the differentially labeled β 2 AR samples were achieved using precipitation with methanol/cholorform followed by re-solubilization of the protein pellet subjected to mass spectra analyses using the procedure described below.
Mass-spectrometry analysis of peptides
Mass-spectrometry (MS) analysis of the peptide digests were performed on an ABI 4700 MALDI-TOF/TOF mass spectrometer (Applied Biosystems, Framingham, MA) equipped with a nitrogen laser operating at 337 nm, a video system, and a 4000 Series 
Quantitation of site-specific labeling kinetics
One major advantage of using residue specific stable-isotope labeling followed by mass spectrometry analysis is in its ability to providing accurately quantitative extent of labeling of residue side chains in proteins 4, 5 
where t is the labeling time; τ 1 is the relaxation time; A is the amplitude of the observable phases; and 100 -A is the burst phase amplitude. The second model has two distinct observable phases but does not allow for a burst phase. This model is:
where τ 1 and τ 2 are the time constants of each phase; and A is the fractional amplitude of the τ 1 phase. The third model allows for a burst phase and two additional phases and has the form:
where A and B are the amplitudes of the phases with relaxation times τ 1 and τ 2 , respectively and the burst phase amplitude is (100 -A -B). All three models force F(∞)=100, which is expected from the experimental design.
The models used to extract kinetic parameters from the data were chosen on the basis of the simplest model that produced a goodness of fit equal to or better than the more complicated model. On this basis, the single exponential model was chosen for only K227/propranolol. All other data sets required double exponential fits. When these data were fitted with the third model (Eq. 4), the quality of the fits were not significantly better than the fits with no burst phase. Therefore, the second model (Eq. 3) was used to determine best-fit parameter values for all data sets except K227/propranolol. The two time constants (τ 1 and τ 2 ) obtained from the fits give the time constants for the fast and slow phases (τ fast and τ slow ) of the labeling reactions. Numerical values for the relaxation kinetic parameters and amplitudes are shown in Supplementary Material Table 3 .
Competitive radio-ligand binding experiments
Competition binding assays were performed with purified β 2 AR using [ 125 I]cyanopindolol (CYP) (2200 Ci/mmol; PerkinElmer, Boston, MA) as the radioligand. 
Cyclic AMP generation
Adenylyl cyclase activity was assayed indirectly by determining the accumulation of second messenger cAMP measured by using ICUE2 6 , an improved version of a fluorescence resonance energy transfer (FRET)-based cAMP biosensor, ICUE 7 . HEK 10 293 cells stably expressing β 2 AR and ICUE2 were stimulated with various concentrations of β 2 AR for 3 minutes. Cyclic AMP concentrations were quantified as a FRET ratio between CFP and YFP intensity.
β-arrestin recruitment b-arrestin recruitment to ligand activated β 2 AR was assessed by using a luciferase based reporter gene assay known as "Tango" in a 96-well format, as previously described by Barnea et al. 8 . In this assay, the C-terminus of the human b2AR is replaced with the C-terminal tail of the V2 vasopressin receptor tail (to increase a signalto-noise ratio) followed by a TEV protease cleavage site and a tTA transcription factor.
This construct was stably transfected in HEK293 cells along with a construct encoding b-arrestin 2 fused to TEV protease. Upon ligand stimulation, the recruitment of barrestin to the receptor results in making tTA free from the receptor by TEV cleavage.
The tTA translocates to the nucleus where it transcribes a stably expressing luciferase reporter gene. HEK293 cells stably transfected with these constructs were seeded at 25,000 cells per well in a 96 well plate. The next day, compounds diluted in HBS were added to the cells to their final concentration followed by incubation at 37 0 C for 14-16
hours. The next day, the plate was cooled to room temperature, and an equal amount of Bright-Glo luciferase reagent (Promega, Madison, WI) was added to each well. After 5 min, luminescence was read using a NOVOstar microplate reader (BMG Labtech, Cary, NC).
ERK activation
ERK1/2 phosphorylation was assessed using a cellular activation of signaling enzymelinked immunosorbent assay (ELISA) kit (SABiosciences, Frederick, MD) according to the manufacturer's protocol. Briefly, HEK-293 cells stably expressing β 2 AR were plated in 96-well plates at 50,000 cells/wells, serum starved overnight, and treated with vehicle or a range of concentrations of different β 2 AR ligands for 5 minutes. Stimulated cells were then fixed in 4% formaldehyde and incubated with p-ERK antibody. After washing, incubation with secondary antibody conjugated to horseradish peroxidase (HRP) for 60 minutes at room temperature and treatment with color developer, absorbance was read at 450 nm using a NOVOstar microplate reader.
Estimation of ligand efficacy
The operational model developed by Black and Leff 9 was used to estimate efficacy by calculation of the coupling coefficient τ. In the operational model, the response of the system to ligand stimulation is based on receptor occupancy alone, as the ligand:receptor complex is coupled to downstream signaling pathways without any allosteric component. The response of the system is then related to ligand concentration for Hill coefficient of 1 by:
where E m is the maximal response of the system to a full agonist, K D is the agonist dissociation constant and τ is "coupling efficiency" between the agonist:receptor complex and its downstream signaling partners.
Statistical analysis.
Statistical analysis and curve fitting were done using Prism 5.01 (GraphPad Software, San Diego, CA). For statistical comparison, one-way analysis of variance (ANOVA) or a student's two-tailed unpaired t-test were used, with p-values of < 0.05 considered significant. 
